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ABSTRACT
Most wind powered electricity generation systems are stationary and heavily dependent on the
speed and direction of the wind. Alternatively, the wind displaced by fast moving vehicles and
particularly by trains is routinely available in locations worldwide. Previous research has been
aimed at designing wind turbine models that maximize the output potential of the system.
However, there are significant limitations in those turbine models. For example, i) the total drag
force acting on the moving train can be significantly increased, and consequently normal operation
can be compromised. The traditional turbine models do not take this effect into consideration; ii)
The potential for energy gain has been considered only during deceleration of the train. To
overcome these inherent drawbacks, this work aims to develop an improved and more realistic
wind turbine model on the trains. Through extensive simulations, the effectiveness of the proposed
turbine model has been demonstrated.
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CHAPTER 1
INTRODUCTION
A. Background and Literature Review
Fossil fuels have been the world’s primary energy source for over a century, but their
finite and environmentally harmful natures are reason to consider alternatives. Resources that
provide a supply of renewable energy have emerged as potent, ecofriendly substitutes. Like
many of the other forms of renewable energy generation, wind energy is subject to constant input
variation. Most wind powered electricity generation systems are stationary and heavily
dependent on the force and direction of the wind. Therefore, the availability of sufficient wind
input varies based on the status of circumstantial factors including location and time of day.
Alternatively, the wind displaced by fast moving vehicles, in particular by trains is routinely
available in locations worldwide.
Trains are fast moving vehicles that operate at constant speeds and relatively fixed
schedules. These consistent characteristics create a platform by which a renewable resource
(wind) can attain invariable input. As a result, numerous methods have been developed
specifically for generating electricity using the wind induced by trains. These methods are all
based on a patented model [1] that depicts the processes required to harness wind energy from fast
moving trains. A brief summary of the steps is as follows.
i) Capture the air that is dispersed by the motion of the train.
ii) Route the captured air in the direction of the wind turbines.
iii) Convert the wind energy to mechanical energy.
iv) Convert mechanical energy to electrical energy using a generation device.
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After the conversion to electrical energy, the energy can then be stored, supplied directly
to the train’s electrical system to power small loads or supplied to a grid point once the train is
stationary. While this model acts as the cornerstone for development, there are various ways in
which to capture the wind and each one results in a unique set of effects. For example,
Horizontal Axis Wind Turbines (HAWT) can be attached to the train itself to harness power [2][3].
On the other hand, simulations have shown that Vertical Axis Wind Turbines (VAWT) can be
set up to similar effect [4][5].
High mass objects have been proven to produce a large draft of increased air speed
around the object when it is moving at high velocity. Simulations using Computational Fluid
Dynamics (CFD) or similar software are testament to this. With trains, the air flow often
becomes turbulent in nature due to the large cross-sectional area that is the front of the train. The
result is that trains tend to have very high drag coefficients [6][7]. Considering the dependence on
the reference area used to determine the drag force it becomes clear that mounting a turbine onto
the outer surface of the train increases that drag force. In a standalone system, the speed of the
train would be decreased overtime. In reality, the train would continuously use more energy to
maintain the nominal velocity.
In some cases, models have been developed to incorporate as many as 27 wind turbines
on the roof of each train cart [2]. While the high number of turbines indicates a high amount of
energy output, it is important to note that each added turbine has the potential to increase the
total drag on the train. As depicted in Fig. 1, special attention must also be paid to the
arrangement of the many turbines. The arrangement must be such that turbines that are placed
directly behind each other must be at some minimum distance away from each other. Placing a
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turbine too close behind another wind turbine can result in the distortion of airflow to the second
wind turbine.

Fig. 1. Staggered assortment of wind turbines on train roof [2]
With each increase in the number of wind turbines, the complexity of the necessary
arrangement also increases. In this case, there are nine rows of turbines in groups of three, but if
the length and width of the train cart change, the row and grouping scheme would have to be
completely recalculated. Each of these turbines would also require its own generator and in this
model that was not considered when maximizing the use of available space.
The mounted turbines are also subject to significant amounts of air pressure which can
cause damage. Attempts have been made to reduce the air pressure affecting the turbines by
installing a ventilated casing around it [9]. In this case, the turbine was mounted to the roof of the
train where it received maximum exposure to the air pressure. The casing which involved a valve
to control the wind flow was supplemented with mechanical reinforcements to deter wind
damage. The generated electricity was supplied to the various loads attached to the train’s cabin
and the rated power output was determined to be 1.5 kilowatt (kW). While this shows clear signs
of promise, it is important to note that the addition of the mounted apparatus prevents the train
from being able to enter narrow tunnels. That will be a significant and unwanted hindrance for
normal operation of the train.
One way to facilitate the train and mounted turbines passing through the narrow tunnels
is to allow the turbines to move in and out of the train body. Ultrasonic sensors can be used to
detect oncoming objects such as passing trains or tunnel walls and prompt the turbines to retract
3

into the train body to avoid collisions [10]. The turbines were to be located primarily on the sides
of the train as shown in Fig. 2. It was also proposed that cone shaped metals should be placed in
front of the turbines to nullify the air pressure on the turbine itself. Fig. 3 shows the expected
airflow around the turbines with the inclusion of the cone shaped metals.

Fig. 2. Placing of the wind turbines on train [10]

Fig. 3. Proposed airflow around turbines [10]
It was later stated that the inclusion of the cone shaped metals prevents the turbines from
affecting the speed of the train but there are some flaws associated with that assumption. No
consideration was given for the drag that would be incurred along the surface of the cones. Even
if the cones are assumed to have a low drag coefficient there will still be some magnitude of
additional drag which will ultimately affect the speed of the train. Even if it is assumed that the
airflow is exactly as depicted in Fig. 3, there would still be drag incurred along the surface of the
4

turbine blades. The cones would only serve to reduce air pressure on the nacelle of the wind
turbine.
Lastly, no consideration was made for the adjustments to the train that would be required
to allow the turbines to retract completely into its body. If each train cart is assumed to be able to
fit turbines on either side when they are fully retracted, then the space on the inside of the train
would be very limited. It was also suggested that servomotors could be used to control the
retraction, but there was also no consideration for the energy it takes to power those motors.
Another attempt to minimize the effects associated with placing the turbines on the
outside of the train was made via the use of channeling columns. These columns can be truncated
cone or pyramid shaped housings which converge towards the blades of the wind turbine [11]. The
wind turbines themselves would be located within the body of the train so as to eliminate
exposure. While the exact measurements were not given, the size and design of the housings, as
seen in Fig. 4, indicate that they would give the train a better chance of passing through narrow
tunnels than the mounted wind turbines.
Channeling
columns

Vents

Fig. 4. Train model with channeling columns [11].
The disadvantage with this system is that the internal contents of the train cart would be
primarily occupied by the wind turbine apparatus. That would decrease the room available for
passengers and other cargo. Housing a wind turbine which is a high-speed rotational device,
inside close quarters could also present a safety hazard.
5

Overall, most of the research done in this field is focused on ways to maximize the wind
energy generation capability of the train mounted turbine system. By placing so much focus on
obtaining maximum output, previous works have neglected some of the inherent drawbacks. The
gap in this research field can be filled by the development of a model that shows potential to
generate large amounts of energy from placing wind turbines on trains while accurately
considering the physical effects that accompany the inclusion of those turbines.
India has emerged as an ideal candidate for the application of these electrical energy
harnessing systems since there are over 12,000 trains running daily in India [11]. The average
wind speed statistics in India also indicate that there is huge potential for steady wind input to
wind energy generation systems. Detailed information about India’s railway systems including
average train speeds, number of stops and trip durations is also readily available through Indian
Railway government authorities. As a result, most projects have utilized India as a case study for
the investigation of the potential for harnessing energy from fast moving trains [12] [13] [14].
Nevertheless, there is still potential for development of these models in other countries such as
the United States, South Africa, China, etc. Some optimization may be required to replicate the
same caliber of energy production in other countries given India’s advantages. The accuracy of
the models developed with India as a case study is of utmost importance for successful
application in other countries.
Several mathematical models have been developed using the patented outline [1] to
simulate the potential for energy generation by fixing wind turbines to moving vehicles [12]-[16].
Each of these models calculates the power, 𝑃, carried by the wind of density, 𝜌, which moves at
a velocity, 𝑣𝑤 , in relation to the surface area, 𝐴, covered by the wind turbine blades;
1

𝑃(𝑡) = 2 𝜌𝐴𝑣𝑤 (𝑡)3
6

(1)

In theory by placing a wind turbine in a system where the wind velocity is constant, power
generation can be exponentially increased. There are however some sources of energy loss which
significantly dampen the results of those models. Trains have been earmarked for wind energy
generation potential due to their large mass which serves as a deterrent for energy loss due to the
additional weight of the wind turbine apparatus. The other source of energy loss is the drag force
introduced by attaching wind turbines to the moving train. Attaching the wind turbines to a
moving train exposes the turbine blades to more consistent wind input as the motion of the train
causes constant air displacement.
When compared to a stationary turbine, the raw energy generation potential of a wind
turbines attached to a train is far superior, but the inclusion of the turbines alters the aerodynamic
structure of the train. Consequently, the total drag force acting on the train will be significantly
increased, and normal operation will be compromised. Most models do not take this consequence
into consideration.
B. Motivation
Only one wind energy harnessing model has been developed and aimed specifically at
counteracting the effect of additional drag force on the train. The model was developed by Joshi
et al (2016) [17] and it attempts to limit the amount to which the aerodynamic change affects
normal operation by only exposing the turbine to wind pressure during deceleration of the train.
Joshi et al. adopted a cumulative approach to simulating the generation of wind power
from heavy moving vehicles. The net energy generated by the vehicle under study, a train, was
calculated per trip based on the number of stops, train carts, and the degree of the drag forces
acting on the system:
𝐸𝑛𝑒𝑡 = [𝑛𝑡𝑟 ∙ 𝑁(𝐸 − 𝐸1 − 𝐸3 )] − 𝐸2
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(2)

The objective of this approach was to first approximate the total energy available from constant
wind pressure for the trip duration (𝐸) and then subtract the energy lost due to: carrying the
additional weight of the turbine apparatus (𝐸1 ), drag forces (𝐸2 ) and mechanism operation (𝐸3 ).
That output was then to be multiplied by the number of turbines mounted on the train (𝑛𝑡𝑟 ) and
the number of stops the train makes during the journey(𝑁). These terms are discussed in more
detail in the mathematical model. The model is very promising but there is still room for
improvement since there are methods that could be used to increase the accuracy of the
simulations. There is also an additional area of potential energy gain that has not been addressed.
Besides the energy that can be gained during deceleration of the train, energy can also be
gained when the train has stopped. For this period of time, the turbines can be expected to have
the same wind input that is received by a stationary wind turbine. Even in the event that there is
no wind input once the train has stopped it can be assumed that there was constant wind input
before the stop. According to research conducted by Metro, a major transportation authority, that
input would be enough to keep the turbines rotating for 2-3 minutes while the train has stopped
[18]

. Considering the amount of time that trains are kept stationary for each stop, much energy can

be gained by adding this concept in the model.
There are also methods for increasing the accuracy of the model that have not been
utilized. This includes approximating the natural variation in wind and train speed that will occur
during the trips. The model developed by Joshi et al. [17] considers the total amount of energy that
can be generated per turbine after various amounts of trips. While this method helps to give an
estimate of the energy generation potential, it does not provide much room for real time analysis.
As explained above, the existing wind turbine models have the following limitations: i)
significant increase in the total drag force acting on the moving train and consequent normal
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operation compromise have not been taken into consideration; ii) the energy gain only during
deceleration of the train has been considered, but not the energy gain during stoppage of the train
at several locations; and iii) no real time analysis has been conducted. By exploring these
limitations, it is possible to develop a model that is both realistic and promising for the
implementation of this concept. These facts motivate this thesis.
C. Objectives
The goal of this work is to develop a more realistic model and potential solutions for the
wind turbines on the fast-moving trains. To achieve the mentioned goal, the proposed project
will deal with the following research tasks:
i)

Conducting accurate simulation of varying wind and train speed during the entire trip.

ii)

Analysis of the speed and direction of the wind approaching turbine apparatus.

iii)

Approximation of the additional drag force introduced by the inclusion of the wind
turbine apparatus at each stage of the trip.

iv)

Simulation of energy generation during scheduled and randomized train stops of
varying length.
Simulation of the train turbine system’s integration with various local loads.

v)
D. Novelty

The novelty of this work stands on these facts:
i)

A new and improved modeling of the wind turbine will be developed for harnessing wind

energy from fast moving train by considering more detailed and realistic situations of the
existing turbine models.
ii)

No other mathematical models provide time-based analysis or simulate the wind energy

generation system in a grid connected environment. This work modifies previously developed
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mathematical models so that they can be time-based which raises new opportunities for electrical
output analysis.
iii)

The results of the improved mathematical model are used to simulate grid connection in

the MATLAB/Simulink environment so that the power generation can be assessed.
iv)

With proper assessment of the simulation’s findings, new tactics for implementing wind

turbines on trains outside of India can be developed.
E. Organization
This thesis is organized as follows. Chapter 2 discusses the mathematical model which
utilizes a modified turbine apparatus and gives theoretical justification of the improvements as
compared to existing models. Chapter 3 gives the results of the mathematical model simulations
and the electrical power generation profile based on the datasets from Chapter 2. Chapter 4
summarizes the conclusions of this study and discusses recommendations for future work in this
research area.
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CHAPTER 2
IMPROVED MATHEMATICAL MODEL OF WIND TURBINES
The objective of this work is to redesign an existing mathematical model and generate an
accurate electrical output profile that appropriately accounts for realistic energy losses.
Therefore, it is necessary to simulate the electrical output of the wind energy generator system
for every second of the trip with consideration of a few additional energy constraints. The
existing mathematical model implements a new set of guidelines for harnessing wind energy
from fast moving trains. These guidelines are based on a modified wind turbine apparatus and
the potential for energy loss associated with the new apparatus.
A. Wind Turbine Apparatus
The model proposed by Joshi et al. paves the way for further investigation of the wind
turbine on train energy generation system. Instead of a generic wind turbine, a savonius wind
turbine is proposed for the simulation of this mathematical model. The savonius wind turbine has
been utilized since the curved turbine blades experience less drag when moving against the
principal direction of airflow [19] and the small blade size easily meets the clearance criteria for
objects on the top of the train [20]. The wind turbine apparatus also consists of a split symmetrical
airfoil which is meant to minimize the added drag on the train due to the presence of the wind
turbine. Fig. 5 shows a schematic of one of the proposed airfoil mechanisms in relation to the
savonius wind turbine.

11

Fig. 5. Airfoil Mechanism and Savonius Wind Turbine [17]
By opening or closing the airfoil flaps, the mechanism can either divert wind away from
the turbine blades or direct it towards the turbine blades. The decision to divert or direct the wind
pressure will depend solely on the train’s mode of operation and while the airfoil flaps are closed,
the wind energy generation system will be offline. When the train begins to accelerate or move at
constant speed, the airfoil flaps will be closed to divert the air around the turbine apparatus. Once
the train starts to decelerate or it becomes stationary, the flaps will open to channel wind pressure
to the turbine. The rack and pinion devices work in tandem with the slider crank arrangement
(Fig. 5) to actuate (open or close) the airfoil flaps. Fig. 6 shows a depiction (not drawn to scale) of
the airfoil and wind turbine without the actuating devices which was modelled using Ansys design
software.
Due to the symmetry and smooth aerodynamic structure of the airfoil it is assumed to have
a much lower drag coefficient than the wind turbine. Therefore, it is proposed that exposing the
airfoil to constant wind pressure rather than the wind turbine will introduce less drag on the
locomotive train system.
12

Fig. 6. Simplified Wind Turbine Apparatus.
Adding the wind turbine apparatus to the train roof increases the surface area
perpendicular to the direction of wind velocity so the aerodynamic structure of the vehicle is
negatively affected. As a result, more energy will be used in order for the train to accelerate to its
desired velocity and maintain it. This drawback is of concern during normal operation, but it is
less critical during the deceleration of the train. In other words, the increase in surface area should
cause the train to slow down at a faster rate and that phenomenon will positively influence the
braking process. While the inclusion of the airfoil mechanism and its method of operation provide
a theoretical solution to the long standing issues surrounding the drag force, more testing must be
done to validate the concept.
B. Drag Force Simulations
Simplified 2D geometries were created using COMSOL simulation software to model the
important components of the system and serve as proof of concept for the airfoil mechanism. The
goal was to show the airflow vectors being diverted around the wind turbine apparatus. For wind
turbine apparatus described in section A, the National Advisory Committee for Aeronautics
13

(NACA) 0015 airfoil was used as the primary component of the drag force approximations.
Therefore, the NACA 0015 airfoil coordinates were imported from the UIUC Applied
Aerodynamics Group airfoil data site used to create a curved line. The line then served as the
body for the creation of a solid object. Fig. 7 shows the velocity magnitude simulation of the
airflow around the 2D geometry of the NACA 0015 airfoil.

Fig. 7. Velocity Magnitude plot of the NACA 0015 airfoil
Studies have shown that the NACA 0015 airfoil boasts a low drag coefficient of .01 due to
its high symmetry between the upper and lower half [21] so the velocity magnitude simulation was
used to provide the velocity data for the drag force calculations. In Fig. 7, the colormap shows the
velocity at each point in space for a fluid (air) that is moving from left to right. As described in a
number of the COMSOL Multiphysics applications for modelling fluid flow, the dimensionless
drag coefficient, 𝑐𝑑 , can be defined as:
𝑐𝑑= 2𝐹𝑑

(3)

𝜌𝑈2 𝐴
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Where 𝐹𝑑 is the drag force, 𝜌 is the fluid density (air), 𝑈 is the mean velocity of the fluid, and 𝐴 is
the projected area. The drag force, 𝐹𝑑 , can be calculated by using the 𝑟𝑒𝑎𝑐𝑓(𝑢) expression in
COMSOL, where 𝑢 is the velocity profile describing the velocity at each point as generated from
the velocity magnitude simulation in Fig. 7. Fig. 8 shows the drag coefficient measured along the
surface of the surface of the airfoil. As previously mentioned, the expected drag coefficient for the
NACA 0015 surface was in the range of .01 and Fig. 8 demonstrates that the structure does indeed
meet the specified standard.

Fig. 8. Drag Coefficient of the NACA 0015 airfoil
With little inspection of Fig. 7 it can be seen that the airfoil does not create a very large
zone of low wind velocity directly behind it. This means that it does not effectively divert wind
pressure away from the target area for the wind turbine. Fig. 9 further demonstrates this issue with
the inclusion of a circular domain that depicts the area swept by the savonius wind turbine.

15

Fig. 9. NACA 0015 airfoil and savonius wind turbine domain
The velocity magnitude plot suggests that the air passing over the surface of the airfoil
subsequently meets the surface of the circular domain and is then forced to divert rapidly. Thus,
additional drag would be introduced on the wind turbine blades. While the ideal airfoil maintains
a low drag coefficient, it does not provide much assistance for diverting air pressure. In order to
achieve the implied goal of the existing model according to the specifications made in section A,
the structure of the airfoil must be modified.

The modifications made to the airfoil structure as depicted in Fig. 5 and Fig. 6 mandate
that the NACA 0015 airfoil surface be symmetrically split. It is assumed in the existing model that
the splitting of the airfoil and removing the tip should affect the drag coefficient of the surface,
but the coefficient should not be more than .05. To validate this assumption, the modifications
were made to the airfoil and a 2D geometry was developed to simulate the airflow around the
modified airfoil and savonius wind turbine area. The geometry that was previously used from Fig.
7 was duplicated and scaled down to create the inner bound of the airfoil flaps. The scaled shape
16

was then subtracted from the original shape using Boolean operations. Lastly, the tip of the airfoil
was cut to accommodate the height of the savonius wind turbine. Fig. 10 depicts the split
symmetrical airfoil in close proximity to the area swept by the savonius wind turbine. It has been
noted that the modifications serve the purpose of transforming the structure from an airfoil to an
air deflector. For the rest of the thesis the structure will be referred to as an air deflector based on
its modus of operation.
The split air deflector was placed in the velocity magnitude simulation with an inlet
velocity of 10 m/s. The resulting arrow surface indicates that the velocity vectors travel over the
surface of the air deflector and those vectors converge at a specific distance behind the air
deflector. Fig. 11 shows the simulation at 0.1 seconds. It can be noted the savonius wind turbine
blades are well within the low wind velocity region following the air deflector and the velocity
vectors do not converge until after the turbine blades.

Fig. 10. 2D geometry of the split symmetrical air deflector with savonius turbine blade
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Fig. 11. Velocity Magnitude plot at t = 0.1 seconds.
Fig. 12 shows a magnified portion of the velocity magnitude plot at 0.1 seconds and it can
be verified that there is limited wind interaction with the turbine blades. Fig. 13 shows the
simulation at 0.5 seconds and Fig. 14 shows the simulation at 1 second. Both figures demonstrate
the extension of the low velocity region following the air deflector which is the goal of its
inclusion.

Fig. 12. Magnified Velocity Magnitude plot at 0.1 seconds
18

Fig. 13. Velocity Magnitude plot at t = 0.5 seconds.

Fig. 14. Velocity Magnitude plot at t = 1 second.
Lastly, the drag coefficient of the split air deflector was assumed to be no more than .05
and the peak drag coefficient shown in Fig. 15 validates that assumption. Therefore, the
assumptions made about the air deflector are valid and its inclusion in the mathematical model
proves valid past the theoretical assessment.

19

Fig. 15. Drag Coefficient of the Split Symmetrical air deflector.
C. Indian Railway Dataset
Detailed information about India’s railway systems including average train speeds,
number of stops and trip durations is readily available through Indian Railway government
authorities [22]. A selected few trains have been earmarked for this study to investigate the energy
generation potential for the improved mathematical model. The key details for the train trips are
listed in Table 1.
Table 1.
Indian Railway Dataset
Travel Time (seconds) Stops Average Speed (m/s)

Origin City

Train #

Ahmedabad

54805

84000

87

7.50

12

Bareilly

14236

56700

42

9.70

15

Beas

04918

24000

6

12.0

20

Bhusaval

51154

43200

45

10.3

13

Bodhan

57474

31800

60

9.40

10

20

Carts

Table 1 (Continued)
Travel Time (seconds) Stops

Origin City

Train #

Average Speed (m/s) Carts

Chitradurga

56520

33000

45

9.40

5

Danapur

13236

30600

27

10.0

12

Delhi

54033

18000

27

8.90

9

Dindigul

56822

21600

20

10.0

15

Gaya

53214

10800

27

8.60

14

Gujarat

19033

22800

25

13.07

19

Howrah

12175

84600

29

15.3

21

Jabalpur

01704

82800

19

14.0

19

Jalpaiguri

13245

48300

30

10.0

21

Kacheguda

17625

28800

19

12.0

21

Meerut City

29020

66600

30

11.9

7

Mumbai

59439

56700

70

8.60

15

Nagpur

51286

36300

45

10.8

14

New Delhi

12952

57000

6

24.3

18

Rewari

54784

41100

58

10.3

10

Shri

04768

6300

8

7.78

9

Vijayawada

57255

38100

54

9.20

13

Visakhapatnam

57226

35100

53

10.0

13

D. Wind Speed Survey Dataset
In addition to the train speed information that is needed to simulate the energy generation
it is also necessary to include real-time wind speed data. Wind speed data is available for many
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locations worldwide [23] and that data can be used to add wind speed variation to the simulation.
The wind speed statistics for the cities listed in the Table 1 are listed in Table 2.

Origin City

Table 2.
Wind Speed Data for Selected Cities
Train #
Average Wind
Maximum Wind
Minimum Wind
Speed (m/s)

Speed (m/s)

Speed (m/s)

Ahmedabad

54805

3

4

2

Bareilly

14236

3

4

2

Beas

04918

3

3

1

Bhusaval

51154

2

4

2

Bodhan

57474

3

4

2

Chitradurga

56520

1

2

1

Danapur

13236

3

4

2

Delhi

54033

3

4

3

Dindigul

56822

4

6

3

Gaya

53214

3

3

2

Gujarat

19033

2

3

2

Howrah

12175

1

1

1

Jabalpur

01704

2

3

1

Jalpaiguri

13245

2

4

1

Kacheguda

17625

2

3

2

Meerut City

29020

1

2

1

Mumbai

59439

4

5

3

Nagpur

51286

3

4

2
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Origin City

Train #

Table 2 (Continued)
Average Wind
Maximum Wind

Minimum Wind

Speed (m/s)

Speed (m/s)

Speed (m/s)

New Delhi

12952

3

4

3

Rewari

54784

3

4

3

Shri

04768

2

3

2

Vijayawada

57255

3

3

3

Visakhapatnam

57226

4

5

3

E. Improved Mathematical Model Development
The amount of energy generated per turbine at each point in time is simulated by
modelling the wind turbine characteristics based on real wind speed data. This method allows for
real-time analysis of varying characteristics like wind speed and drag forces on the system. Fig.
16 displays the results of a net output simulation produced by a train with pseudorandom stops
throughout the journey. Train stops of varying length are scheduled at various locations along the
train’s route. Since the simulation considers every second over the entire journey including
stoppages, it is an ideal approach identification of peak and off-peak points for energy
generation.
The net energy produced at any point in time, t, per trip is given by the following
summation:
𝐸𝑛𝑒𝑡 = 𝑛𝑡𝑟 ∙ (𝐸(𝑡) − 𝐸1 (𝑡) − 𝐸2 (𝑡) − 𝐸3 (𝑡) + 𝐸4 (𝑡))
Where 𝐸(𝑡) is the total energy that can be produced at that point in time which is given by the
power (P) carried by the wind (1) and the operational efficiency of the wind turbine.
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(4)

Fig. 16. Net Energy output of the wind turbines with time
The efficiency of the wind turbine, 𝜂, must be less than 59% as stipulated by the Betz correlation
of maximum efficiency [24]. Therefore, (5) represents the total energy that can be produced and
the breakdown of the other energy components from (4) is as follows.
𝐸(𝑡) = 𝜂(𝑃(𝑡) ∙ 𝑡)

1)

(5)

𝐸1 : The additional weight of the wind turbine apparatus (20 kg) will serve as a source of

energy loss since the train will require more energy to operate at normal speeds. While the
weight of one wind turbine apparatus, 𝑚, may not hamper the performance significantly, many
turbines distributed on top of the train carts will introduce much stress during the acceleration
and deceleration process. The energy taken to accelerate and decelerate the additional weight is
taken to be equivalent and thus it is the energy taken to change the velocity, 𝑣, of the weight:
1

𝐸1 (𝑡) = 2 𝑚∆𝑣(𝑡)2
2)

(6)

𝐸2 : The addition of the wind turbine apparatus will also affect the aerodynamic structure

of the train since it increases the overall surface area in the direction of the wind. This will result
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in an increase in the drag force acting on the train for the entirely of the trip. As a
countermeasure, an air deflector with a low drag coefficient [20] is introduced to divert air
pressure away from the wind turbine during normal operation. Once the train has initiated its
deceleration process, the air deflector is opened to allow airflow to the turbine blades. The
energy that will be required to overcome that drag force based on the air deflector drag
coefficient, 𝑐𝑑 ,is:
𝐸2 (𝑡) =

1

𝑐 𝜌𝐴𝑣𝑤 (𝑡)
2 𝑑

2

(7)

Here, 𝐸2 (𝑡) is being modelled as the drag force from Chapter 2 that can be transposed from (3).
The assumption is therefore that this amount of energy must be supplied from the train
locomotive to overcome the additional drag and operate at the desired speed.
3)

𝐸3 : Each air deflector will require a mechanism that instigates the opening and closing of

the flaps and so it is important to include an approximation of the energy it requires. The value is
taken to be 500 joules. For the purposes of this simulation, the energy contribution 𝐸3 (𝑡) is
active upon every acceleration and deceleration of the train.
4)

𝐸4 : Lastly, the additional energy that can be gained while the train is stationary, 𝐸4 (𝑡),

can be modelled similarly to the total energy that can be produced (5) where the wind speed
𝑣𝑤 (𝑡) is the minimum wind speed for the geographical area taken from live wind speed surveys
[23]

. During normal train motion the wind speed is taken as the equivalent of the train’s velocity.

During deceleration the wind speed is taken as the equivalent of the train’s velocity up until the
point where the train's velocity is less than the minimum wind speed from the live wind speed
surveys. The wind speed is then held constant at the average recorded wind speed for the stop
duration. While the ambient wind speed measurements are specific to the region of the train stop,
it is not sufficient to assume that the ambient wind speed value will be consistently applied
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directly to the turbine blades. However, it is appropriate to assume that turbine blades will
continue to rotate for a short period of time with at least 50% of the wind speed input from when
the train was moving. For all trains in the Indian Railway Dataset, the ambient wind speed is less
than 50% of the average train speed. The duration of the stops is taken to be an average of two
minutes even though there are a number of cases where stops can last over an hour [22].
Therefore, it is assumed that the turbines will consistently face the average ambient wind speed
for the 2-3 minutes period while the train is stopped.
It is noteworthy that the improved mathematical model which stipulates the active
periods for each of train’s energy components can be modeled by a piecewise function of time
relative to the train’s motion:

𝐸𝑛𝑒𝑡

−𝐸1 (𝑡) − 𝐸2 (𝑡) − 𝐸3 (𝑡),
= {−𝐸2 (𝑡),
𝐸(𝑡) − 𝐸1 (𝑡) − 𝐸3 + 𝐸4 (𝑡),

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛
𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑆𝑝𝑒𝑒𝑑}
𝐷𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

(8)

The mathematical model presented above stipulates that 𝐸1 (𝑡) and 𝐸3 (𝑡) are active during the
acceleration and deceleration of the train. 𝐸(𝑡) is the maximum possible energy that can
produced during deceleration without considering the loss factors. 𝐸2 (𝑡) is active for the entirety
of the simulation of the trip and 𝐸4 (𝑡) is active when the train stops at any point during the trip.
The piecewise function was modelled using JAVA code which consisted of nested loops, arrays
for each energy component (E, E1-4 and Enet), and a sequence of calculations for each second in
the train trip.
F. Theoretical Analysis of Developed Model
The proposed model corrects an issue with the net energy calculations for the existing
model by rearranging (2) to (3) with the per turbine specifications made in (7). The energy
required to overcome drag force, E2 is now considered for all turbines and there is an additional
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source of energy gain, E4 which has never before been considered. The improved model also
considers that in realistic scenarios train stops are not always equally distributed throughout the
train trip. The stops are generated to ensure a minimum distance between each stop while still
maintaining variability of the distance between each stop.
Another highlight of the proposed model is that it considers a gradual decrease in the
train speed during the braking period due to constant deceleration. The existing model only
approximates the average speed during the braking period and constantly supplies that value to
the wind turbine. In other words, the existing model generalizes that the speed of the train is
constant until it comes to a complete stop while the proposed model more accurately generalizes
that the train speed decreases towards a stop.
The Wind Speed Survey Dataset has been incorporated into the proposed model to
demonstrate the variability of the ambient wind speed for different geographical areas.
Throughout the dataset, the maximum wind speed for each city is less than the average train
speed listed in the Indian Railway Dataset. The wind speed input to the wind turbines is therefore
assumed to be the same as the train speed during normal operation. During the train’s
deceleration, the wind speed input is assumed to be the same as the train speed until the point at
which the train slows below the ambient wind speed for that city. This methodology produces a
more accurate approximation of the phenomenon surrounding the deceleration of the train.
An additional merit of the air deflector mechanism is that it can assist in the reduction of
the need for protective devices. In most wind energy generation systems, controllers are
employed to prevent the wind turbines from exceeding its operational constraints for the speed of
rotation. In the case of this improved modelling methodology, there is no need for such devices
since the air deflector can act as a physical obstruction to high wind speeds. The air deflector will
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also act as a funneling mechanism for concentrated airflow to the wind turbine during the
deceleration and stopped stages. Many of the aforementioned controllers would cut off the wind
turbine generator in the event that the wind speed is too low so this funneling technique could
once again reduce the need for a controller by supplying more consistent air pressure.
As a culmination of these features, the proposed model allows for the generation of a
wind speed profile that can then be exported to MATLAB and used as wind speed input to a
wind turbine. This initiative is to assess the electrical power generation of a grid connected
system given the fluctuating nature of the generated output as seen in Fig. 16. In this case, the net
energy produced is negative for the initial stage of the trip as the velocity (auxiliary axis) of the
train increases to the operational velocity. During this time, the vehicle must use additional
energy to accelerate the extra weight and overcome the extra drag force. Once the velocity
begins to decrease, the energy generation process is initiated, and the initial loss is rectified in
less than 1000 seconds. Therefore, if the goal of the power system is to directly provide power
for load devices, then consideration will have to be made for this kind of fluctuating output.
Implementing a power system based on this wind speed profile will open the analysis for
electrical components that may or may not be needed for real life operation. The analysis will
reveal the need (if any) for energy storage, controllers and loads. The analysis will assess the
mounted turbine generation system’s potential to supply power directly to the train’s power
system. Alternatively, all electrical output could be dedicated to energy storage if the generation
system’s output cannot continuously meet the train cart load demand. All of these conclusions
can be achieved by supplying the wind speed profile to one of the Simulink wind turbine blocks,
connecting the wind turbine to a generator that fits the turbine specifications and connecting the
generator to a small grid where the power output can be measured.
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G. Effectiveness of Proposed Mathematical Model
Table 3 summarizes a number of the features that have been considered when creating the
proposed mathematical model in (8). Legacy model refers to all the previously developed models
that do not take into consideration that the inclusion of a wind turbine can increase the energy
required for the train to maintain its normal speed [8]-[16]. Existing model refers specifically to the
model developed by Joshi et al. [17]. Improved model refers to the model proposed as a result of
this work and the theoretical analysis from the previous section.
Table 3.

Comparison of Features for Mathematical Models
Mathematical Models

Features/Considerations
Improved Model

Existing Model

Legacy Model

Energy Losses

YES

YES

NO

Additional Energy Source

YES

NO

NO

Real Time Analysis

YES

NO

NO

Protective Devices

NO

NO

YES

Realistic Stop Distribution

YES

NO

NO

Variable Deceleration

YES

NO

NO

Wind Speed Variation

YES

NO

NO

Fig. 17 shows a flow chart of the improved modelling process which now includes the
verification of assumptions made in [17] as well as the incorporation of current wind speed data
and power system integration.
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Fig. 17. The improved modelling process for wind turbines on trains.
It is to note here that the modelling process follows a structured outline with various databases
for the verification of parameters, and therefore it is an effective way to produce simulations on a
large scale. Various geometries can be created and tested in COMSOL for low drag coefficients
and that drag coefficient can be directly supplied to the modelling equations (7). The data from
Indian rail info can be used to specify trip details for any train and then the wind speed profile
can be directly supplied to MATLAB for a detailed breakdown of the electricity generation
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process. The final steps provide more accuracy and is a more widely accepted electrical
engineering practice than simply approximating the energy that can be generated.
H. Conclusion
The proposed model contains new features that will increase the accuracy of the
simulation by accounting for realistic physical effects in the wind turbine on train energy
generation system. It uses the actual travel specifications of selected trains and the actual wind
speed data for selected geographical locations to ensure proportional results. The model reduces
the complexity of the wind energy generation system by eradicating the need for protective
devices in favor of a simplistic air deflector control mechanism. The model allows for
identification of real time peaks for energy generation based on a realistic stop distribution. The
flow chart shown in Fig. 17 provides a clear structure for the steps taken in this new modelling
process and sets a foundation for the expansion of the study to include more train specifications
and more degrees of realism.
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CHAPTER 3
SIMULATION RESULTS
The proposed improved mathematical model requires detailed approximations for the
drag force acting on the system because of the wind turbine apparatus. These approximations are
calculated by using computational fluid dynamics principles and simulations from COMSOL.
The approximations are used in the mathematical model to determine the electrical output of the
wind turbine. Lastly, the wind speed profile generated by the mathematical model is then utilized
in MATLAB/Simulink environment to assess the grid connectivity.
A. Comparison of Mathematical Models
As outlined by the mathematical model, the net energy produced by the wind energy
generator system is simulated for various parameters based on train specifications from the
Indian Railway Dataset. Due to the variability of the train trip parameters; there is a very wide
range of potential net output values. The higher the number of stops and turbines on the train
schedule, the higher the net energy generated. The net output calculations for both the existing
and proposed models are listed in Table 4. The energy required to overcome drag force for each
model is also listed in Table 4. The most significant note from these set of results is that the net
output for the existing model is almost always negative except in the case of the train which
originates in Gaya.
It was discussed in [17] that there are a number of cases where the net output will be
negative depending on the specific details of the train trip. For example, trips with long distances
to cover and minimal stops will more often than not result in negative net output. The most
extreme case of negative net output comes when considering the New Delhi train line. With
reference to the Indian Railway Dataset, it is noted that this train travels at more than twice the
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speed of most other trains but only has six stops from which energy can be gained. Secondly, the
trip duration is over a period of 15 hours and 50 minutes and constant exposure of winds moving
at 24.3 m/s to the air deflector results in a high demand for energy to overcome that drag force.
While this explains the curious case of this outlying result, it does not justify the clarify
shortcomings in the rest of the dataset.
Table 4.

Comparison of Net Output
Energy Required to
Net Output (kJ)
Overcome Drag (kJ)

Origin City

Existing Model

Proposed Model

Existing Model

Proposed Model

Ahmedabad

-485

1562

944

848

Bareilly

-850

1945

1538

1488

Beas

-1015

-544

1243

1706

Bhusaval

-577

1571

1263

1030

Bodhan

-112

1469

640

318

Chitradurga

-585

375

7383

145

Danapur

-493

827

845

637

Delhi

-147

694

328

135

Dindigul

-255

1306

591

568

Gaya

120

893

144

91

Gujarat

-127

4048

1423

1452

Howrah

-275

-740

8937

1000

Jabalpur

-6429

-310

7482

7745

Jalpaiguri

-664

1291

1449

2169
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Table 4 (Continued)
Energy Required to
Net Output (kJ)
Overcome Drag (kJ)

Origin City
Existing Model

Proposed Model

Existing Model

Proposed Model

Kacheguda

-692

1707

1458

1832

Meerut City

-3144

108

3467

1206

Mumbai

-181

3305

973

946

Nagpur

-371

3311

1249

886

-23882

-13097

24988

18033

Rewari

-520

2073

1184

605

Shri

-116

93

204

44

Vijayawada

-157

1906

63

601

Visakhapatnam

-142

3374

904

566

New Delhi

As a countermeasure for the high drag force that can be introduced for each additional
turbine, the simulations have only considered one turbine per cart in order to minimize the
magnitude of the energy losses E1-3. Table 5 shows the percentage difference between the energy
required to overcome the drag force calculated in the existing model and proposed model. The
results from previous works were garnered from assuming two or more turbines per cart which
significantly boosts the net output but once the number of turbines is reduced, the output is no
longer enough to overcome all the energy losses. Another reason for considering only one
turbine per cart is to prevent the distortion of the airflow vectors on each turbine. As discussed in
the drag force simulations, Fig. 11-14 show distortion of the airflow vectors after the wind passes
the air deflector and savonius wind turbine. The color gradients show that the resulting velocity
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is not always restored to the initial inlet velocity of 10 m/s. Therefore, it is not straight forward to
assume that a second wind turbine apparatus placed behind the first apparatus will receive the
same degree of wind input. A progressive efficiency ratio would have to be developed to
properly model the phenomenon.
Table 5.
Origin City

Comparison of Energy Required to Overcome Drag
Energy Required to Overcome Drag (kJ)
% Difference
Existing Model
Proposed Model

Ahmedabad

944

848

10.7

Bareilly

1538

1488

3.3

Beas

1243

1706

31.4

Bhusaval

1263

1030

20.3

Bodhan

640

318

67.2

Chitradurga

7383

145

192.3

Danapur

845

637

28.1

Delhi

328

135

83.4

Dindigul

591

568

4

Gaya

144

91

45.1

Gujarat

1423

4048

96

Howrah

8937

1000

159.7

Jabalpur

7482

7745

3.5

Jalpaiguri

1449

2169

39.8

Kacheguda

1458

1832

22.7

Meerut City

3467

1206

96.8
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Table 5 (Continued)
Energy Required to Overcome Drag (kJ)
Origin City

% Difference
Existing Model

Proposed Model

Mumbai

973

946

2.8

Nagpur

1249

886

34

New Delhi

24988

18033

32.3

Rewari

1184

605

64.7

Shri

204

44

129

Vijayawada

63

601

162

Visakhapatnam

904

566
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When the proposed model is considered, the energy generated during the trains
deceleration and stationary stages is almost always greater than energy lost in the acceleration
and constant speed stages. Thus, the net energy produced by the simulation will be positive.
Table 6 shows a breakdown of the energy components for selected trains that were simulated in
[17]

as well as two trains that were selected for this work. The energy components E, E1-4 and Enet

are described in the mathematical model (7) and listed per turbine in Table 6.
Table 6.

Per Turbine Comparison of Selected Energy Components
Train [Name (Number)]

Parameters

Average Velocity (m/s)

Gujarat
(19033)
13.07

Delhi
(09628)
8.90

New Delhi
(12952)
24.3

Jabalpur
(01704)
14.0

Travel Time (Seconds)

22800

18000

57000

82800

Number of Stops

25

27

6

19

Number of Turbines

19

9

18

19
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Table 6 (Continued)
Train [Name (Number)]
Parameters

Gujarat
(19033)

Delhi
(09628)

New Delhi
(12952)

Jabalpur
(01704)

E (kJ)*

296

129

278

244

E1 (kJ)*

3.3

5.5

.8

1.7

E2 (kJ)*

77

22

1001

460

E3 (kJ)*

25

27

6

19

E4 (kJ)*

3.4

12

2.9

2.6

Enet (kJ)*

194

87

-727

-233

In Table 6 it is noted that the additional energy source acts as a significant boost to the
net output to the system. In all cases, the energy gained while the train is stopped, E4, is more
than the energy lost carrying the additional weight of the turbine apparatus, E1. The new model
thereby creates an opportunity to reduce the major loss factors to drag force and air deflector
actuation. Even still, the amount of energy gained during the deceleration over the course of the
trip is more than the energy lost due to these factors.
B. Electrical Power Generation Testing Through Simulink Model
To explore the case of directly supplying output to the train’s electrical system, an
approximation for the power consumption of each train cart is required. For this work the target
is for each generator to be able to power the two 120V - 32W tube lights and the three 120V65W fans on the train cart. This makes a total load of 259 W that must be met at all times during
the train’s operation. There is also potential to provide additional power for outlets or device
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charging stations if the generator is able to consistently supply above the aforementioned load
demand.
While most wind energy generation systems use a wind turbine and induction generator,
the generator selected for this simulation was the Permanent Magnet Synchronous Generator
(PMSG). The induction generator is more commonly used because of its simplistic design but it
will usually need to draw reactive power from the grid in order to produce magnetization. With
the PMSG, that excitation comes from the shaft mounted permanent magnets. This operation is
ideal for the train mounted turbine system since there is no requirement to connect to the grid for
excitation. The use of the permanent magnets also makes the PMSG one of the most efficient
types of generators since it consumes no extra electrical power to complement its small, light and
rugged structure. Subsequently, a variable speed wind turbine was connected to a three-phase,
1KW, 165 V, 50 Hz, 3000 rpm salient pole PMSG according to the specifications made in [25] [26].
Resistive loads were also connected at the generator terminal in order to simulate the demand
from the lights and fans on the train cart.
The generator was assumed to be offline during the acceleration and constant speed
portions of the train trip since the system will only attempt to generate energy during the
deceleration and stopped stages. Therefore, the simulation only needs to be considered from the
time the train begins to stop through to the moment it stops. It was also previously assumed in [17]
that the train would travel at some average speed for the entirety of its deceleration. To increase
the realistic nature of the simulation, that assumption was corrected such that wind speed input to
the wind turbine decreases with a constant rate of acceleration from its average speed to the
ambient wind speed.
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Fig. 18 shows the RMS value of the three-phase power output profile for the 1KW PMSG
for the deceleration where the average speed before the stop was 12 m/s and the final speed is 4
m/s which is the ambient wind speed for the geographical area. The most important thing to note
from this graph is that the output consistently meets the target of 259 W load demand. Next, it is
noted that the generator output is overrated (over 1000 W) for the initial stage of the deceleration
because the wind speed input exceeds the rated wind speed value of the wind turbine.

Fig. 18. Electric Power Output of the 1KW PMSG

Base wind speed is one of the parameters for the wind turbine block in Simulink and this
determines the speed at which there is some constant amount of efficiency for the turbine. Above
that base wind speed, the efficiency will increase and below the base wind speed, the efficiency
will decrease. In this case the base wind speed was set to be 7 m/s so during the time the train
takes to decelerate from 12 m/s to 7 m/s, the generator will be overrated. There is a short period
of time at about 40 seconds where the wind speed input is approaching the base wind speed and
so it is able to hold the rated value. Once the wind speed falls below the base value at 60
seconds, the efficiency of the turbine gradually decreases so the power output becomes far less
than the rated value.
39

Another observation is that the behavior of the curve becomes asymptotic towards the
end of the simulation and this can be attributed to the assumption that the wind speed input to the
turbine after the train speed falls below the ambient wind speed is held constant at the ambient
wind speed. Therefore, after 100 seconds the wind speed is held constant at 4 m/s and while this
value is still below the base wind speed, some degree of efficiency is maintained since there is
constant input. That asymptotic trait is a welcome inclusion for the power output profile because
it can be used to ensure that the output remains above the load demand of 259 W.
Lastly, an inspection of the power output gives a clear indication for the need for an
energy storage system. While the output consistently meets the demand during the deceleration
stage, there is a significant amount of surplus power for the first 100 seconds. That excess power
can be supplied to an energy storage device and then extracted during the last 50 seconds where
the supply just barely meets the demand of the train cart load. Energy storage can be used to
smooth the output power of the train cart so that an uninterrupted power supply can be
maintained.
C. Conclusion
Table 4 shows that for numerous simulations the net energy produced from the
mathematical model is on the order of hundreds to thousands of kilojoules. That represents a
very high return of electrical output considering the small windows for generation from the use
of only one wind turbine per train cart. Nevertheless, there are a number of lengthy trips with
low amounts of stops that result in the net energy production to be negative. Those trains/trips
are not suitable for the implementation of this concept unless the system can be optimized.
Increasing the number of turbines per cart, decreasing the air deflector drag coefficient,
decreasing the weight of the turbine apparatus and exploring a wider variety of trains and trips
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are all ways in which the mathematical model results can tend to be more net positive for the less
efficient trips.
Simulation of the power generation in an actual power system reveals that a 1KW PMSG
based wind turbine is capable of meeting the approximated load demand for a train cart. There is
however a need for an energy storage system that can effectively charge and discharge to smooth
the power output of the loads and ensure that the demand is met with uninterrupted supply.
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CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS
A. Conclusions
This work has highlighted the need for further investigation of an improved mathematical
model for wind turbines on moving trains that broke ground in relatively new area of research.
The motivation behind modifying the conventional turbine model was to include additional
sources of energy, more realistic assumptions and real time data.
The improved mathematical model has been presented for real time analysis. By
simulating the energy generation potential at each second of the train’s trip, the peak times for
harnessing wind energy from the train were identified. The ability to identify peak generation
intervals will boost the potential for application of an energy storage system. The model
encompasses a number of new energy constraints that serve to improve the accuracy of the
simulated output. As such, the net energy output from the simulation will tend to be positive.
A wind turbine connected to a PMSG model has successfully been implemented in the
MATLAB/Simulink environment to show the potential for implementation in a power system.
Analysis of the output from the power system revealed the need for energy storage devices to
satiate the demand for the approximated train card load.
B. Recommendations for Future Research
This model successfully implements a variable speed wind turbine connected to a PMSG
for power system simulation in MATLAB/Simulink environment. As discussed in great detail in
Chapter 2, however, a savonius wind turbine specifically has been earmarked for success with
this generation system. Attempts were made to replicate the model developed in [25] which
modified the torque generated by the wind turbine according to unique angle of attack that is
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experienced for a savonius turbine. Appendix A contains a detailed breakdown of the modified
torque calculations for the savonius rotor [26] and Appendix B contains the parameters of the
PMSG that are ideal for the setup [26]. These parameters were utilized for the simulation in this
work. With further exploration of the savonius turbine model, shortcomings mentioned in [25] can
be eradicated and the resulting power generation potential of this system can increase.
There is also a need to explore means by which the drag force on the system can be
reduced after the inclusion of the turbine apparatus. As detailed in Chapter 2, the inclusion of the
air deflector is meant to prioritize train deceleration stages as the ideal moments for energy
generation rather than acceleration and constant speed stages. In an ideal system the goal would
be to allow for some amount of energy generation throughout the entire trip. The NACA 0015
airfoil has been used for the development of the proposed air deflector in [17], but studies have
shown that there are other geometries that might provide better air deflection for the turbine
apparatus [27]. If a structure with an even lower drag coefficient when deflecting the air can be
developed, then the system may be able to overcome the energy lost due to drag force relatively
easily and thereby produce more net energy. Alternatively, if the air deflector flaps can be
slightly opened during the normal operation of the train such that only a low degree of drag is
introduced while input is provided to the turbine, the system can generate energy for longer
periods of time.
There is also room for exploration of different types of wind turbines that may be suitable
for implementation with the air deflector. As discussed in [15] [19] there are advantages that can be
gained with the use of Shrouded, Helical, and Darrieus type wind turbines. For this work, the
savonius wind turbine has been selected for its simplicity and for direct comparison with the
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results of the existing models. As the improved modelling process has been outlined, more
consideration can be given to the selection of alternate wind turbine types.
As also described in Chapter 2, there is a need to consider more variations in stop length
for each train. The Indian Rail Info site gives detailed breakdowns of each stop and how long the
train takes to start moving again. For this work, the average stop time was taken to be two
minutes for every train but there are cases where the train stops for an entire hour before
resuming the trip. That extended period can be seen as an opportunity to generate additional
energy if the turbines are stationary and outdoor. Another opportunity to generate energy can be
seen when the train comes to the final stop. Again, if it is assumed that the trains stay outdoor,
then turbines can be exposed to up to 8 hours of ambient wind speed input during the afterhours
of the train system. If energy storage is successfully employed, the stored energy can be fed to
the cart load for the initial stages of the trip for which the proposed model would typically have
negative net output (Chapter 2, Section F).
The prospect of successfully harnessing wind energy from fast moving vehicles gives
birth to a potential source of energy that is clean, renewable, and consistently available around
the world. The inclusion of the proposed methodology could significantly boost the tangible
benefits that are gained from our existing investments in transportation systems.
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Appendix A
A mathematical model for the torque acting on the Savonius rotor is derived using the formula,
Torque = Force x Distance.

Fig. A.1: Savonius Rotor Schematic
In Fig. A.1, α is the angle of attack, θ is the angle subtended by the point of impact at the
center of the rotor, r is the radius of the semi-circular section of the rotor and u∞ is the free
stream velocity.
1. Given: r, θ, α, A (area of rotor), ρ (free stream density), cd (Coefficient of drag), u∞ and F
(wind force);
𝐹=

1
2

𝜌𝐴u∞ 2 𝑐𝑑

(A.1)

2. According to the definition: Torque = Force x Distance
From figure A.2, we can deduce that
𝑇 = 𝑂𝐴 × 𝐹 = 𝑂𝐴 ∙ 𝐹 ∙ sin(∠𝑂𝐴𝐶)
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(A.2)

Fig. A.2: Savonius Rotor with Angles and Forces.

3. In ∆AMB,

Fig. A.3: Calculating the length, MB.
•

Case 1 (when 2 Θ < π/2)
− cos(2𝜃) =

𝑀𝐵

(A.3)

𝑟

So, 𝑀𝐵 = −𝑟𝑐𝑜𝑠(2𝜃)
•

(A.4)

Case 2 (when 2 Θ > π/2)
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− cos(2𝜃) =

𝑀𝐵

(A.5)

𝑟

So, 𝑀𝐵 = −𝑟𝑐𝑜𝑠(2𝜃)

(A.6)

4. In ∆AMO and ∆ABO,
•

Case 1

Figure A.4: Calculating the length, OM.
𝑂𝑀 = 𝑂𝐵 + 𝐵𝑀

(A.7)

𝑂𝑀 = 𝑟 + 𝑟𝑐𝑜𝑠(2𝜃) = 𝑟(1 + cos(2𝜃))

(A.8)

•

Case 2

Fig. A.5: Calculating the Length, OA.
𝑂𝑀 = 𝑂𝐵 − 𝐵𝑀

(A.9)

𝑂𝑀 = 𝑟 + 𝑟𝑐𝑜𝑠(2𝜃) = 𝑟(1 + cos(2𝜃)
Also, cos(𝜃) =

𝑂𝑀

(A.10)
(A.11)

𝑂𝐴
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𝑂𝑀

𝑂𝐴 = cos(𝜃)
𝑂𝐴 =

(A.12)

𝑟(1+cos(2𝜃))
cos(𝜃)

=

𝑟(1+2𝑐𝑜𝑠2 𝜃−1)
cos(𝜃)

= 2𝑟𝑐𝑜𝑠𝜃

(A.13)

5. In ∆OAC,

Fig. A.6: Calculating the Angle, OAC.
∠OAC = (𝜋 − (𝜃 + 𝛼))

(A.14)

6. Substituting the unknowns into the equation of torque gives;
𝑇 = 𝑂𝐴 ∙ 𝐹 ∙ sin(∠𝑂𝐴𝐶)

(A.15)

1

𝑇 = 2𝑟𝑐𝑜𝑠𝜃 (2 𝐴𝜌𝑢∞ 2 𝑐𝑑 ) sin(𝜋 − (𝜃 + 𝛼))
1

𝑇 = 2𝑟𝑐𝑜𝑠𝜃 (2 𝐴𝜌𝑢∞ 2 𝑐𝑑 ) sin(𝜃 + 𝛼)

(A.16)
(A.17)

Net torque on the rotor is given by
𝜋/2

𝑇𝑛𝑒𝑡 = ∫0

1

2𝑟𝑐𝑜𝑠𝜃 (2 𝐴𝜌𝑢∞ 2 𝑐𝑑 ) sin(𝜃 + 𝛼) 𝑑𝜃
𝜋/2

𝑇𝑛𝑒𝑡 = (𝐴𝜌𝑢∞ 2 𝑐𝑑 ) ∫0

(𝑟𝑐𝑜𝑠𝜃) sin(𝜃 + 𝛼) 𝑑𝜃

where 𝛼 varies from 0 to 2𝜋.
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(A.18)
(A.19)

Appendix B
Table B.1

Summary of the Parameters with Units for PMSG
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